We demonstrate the accumulation of pumping pressure developed by multiple droplets in series actuated simultaneously by electrowetting-on-dielectric (EWOD). To measure pressure generated by EWOD, water droplets in a silicone oil medium are confined to a microchannel and driven together against a known pneumatic pressure until they can no longer advance forward. The total pressure withstood is found to scale approximately linearly with the number of droplets. Using 80 V AC at 1 kHz, while a single droplet was measured to develop 1.4 kPa of pressure, up to 6 droplets together generated 7.6 kPa, opening the door for EWOD to be used as a pumping mechanism in high pressure applications.
INTRODUCTION
Electrowetting-on-dielectric (EWOD) [1] [2] is a proven scheme for microfluidic actuation, especially popular for dropletbased digital microfluidics [3] [4] [5] [6] [7] in lab-on-a-chip [5] [6] [7] [8] [9] [10] as well as other [11] [12] [13] [14] applications. It carries the advantages of low power consumption and small liquid volume requirements, as it directly manipulates discrete individual droplets. The ability to move droplets around a device area atop patterned electrodes has evolved the essential droplet functions of dispensing, translation, splitting and mixing [3] [4] [5] . Most applications derive their functionality by combining these functions to perform higher order tasks. At the core of EWOD actuation, however, is a pressure gradient, internal to the droplet, which gives rise to its motion. In our experiments, we harness this pressure to work against an external pressure, demonstrating EWOD's value not only as a means of displacing a droplet of interest from one place to another, but also as a viable mechanism for pumping other media at elevated pressures.
In a typical EWOD device configuration (Figure 1 ), voltage is applied between electrodes above and beneath a liquid droplet, at least one of which is covered by a thin dielectric layer. The presence of the electric field tightens (increases) the curvature of the liquid meniscus at the liquid-solid contact line, where the electric field is highly concentrated, and the apparent contact angle of the liquid on the solid surface decreases [15, 16] , which is equivalent to the surface becoming more wetting to the liquid. Actuating an electrode that sits beneath only a portion of the contact line results in a disparity in meniscus curvature from one end of the droplet to the other, and hence, an internal pressure gradient. Calculations have predicted this pressure to be as high as 9 kPa at 100 V for a typical device configuration under ideal conditions [1] (that is, without taking contact angle hysteresis into account), but have not been rigorously confirmed by experimental measurements on devices of this kind. Furthermore, early work on continuous electrowetting suggested that the pressure drops across individual droplets placed in series could theoretically be accumulated [17] , transmitting the effect of each through a surrounding medium to its neighbor, but this effect had yet to be proven or explored in experiments. In order to use EWOD actuation for pumping with wide applicability, including devices with large resistance, back pressure, or perhaps to pump ancillary media by driving against a deflecting membrane [18] , we need to first verify that the total pumping pressure available indeed increases with the number of droplets actuated and then test whether the correlation between pressure and number of droplets is one of strict summation.
Although EWOD is usually used to move a liquid volume of interest itself, some have shown that it is suitable for use more generally as pump components analogous to pistons and valves [19] . Microchannels filled with dodecane oil contained water droplets strategically positioned and held in place by constrictions in channel width and height. Under actuation of 65 V DC to 80 V DC , the droplet menisci were able to advance into the narrower segments. This mechanism was employed with an appropriate actuation sequence such that some droplets acted as inlet and outlet valves, opening or blocking the channel depending on actuation state. Another larger droplet acted as a piston, advancing into the flow channel to displace oil through the open valves. In this way, significant flow rates of the oil medium were achieved.
Yet other work showed the development of a micropump based on oscillating continuous electrowetting actuation of a mercury droplet within a microchannel [18] . The device consisted of components fabricated from three substrates stacked together, forming a microchannel for the mercury droplet, silicone rubber membranes deflected by the droplet motion, and inlet and outlet chambers with metallic check valves, into which water was drawn and later expelled by the deflecting membrane.
Since driving pressure increases with actuation voltage, higher pressures could be achieved using one droplet alone and increasing the voltage applied, however, such an approach is significantly limited. High actuation voltage leads to the wellknown contact angle saturation, electrolysis and eventually dielectric breakdown. Adding droplets rather than increasing the actuation voltage avoids these problems while maintaining relatively low power consumption.
Our work presents a micropumping scheme that offers a simple device with versatility, convenience, and a capability of vastly higher output pressure.
EXPERIMENTAL PROCEDURE Device Fabrication
To direct accumulated pressure, a microchannel is fabricated atop an otherwise common-configuration EWOD device. As shown in Figure 2 (a), Cr/Au electrodes and contact pads are patterned on a glass substrate, laid out in a long row. This is followed by deposition of a 1.2 µm PECVD Si x N y dielectric layer. A 50 µm thick KMPR ® 1050 (MicroChem) layer is then spincoated and patterned to form channel walls. A glass slide coated with indium tin oxide (ITO) to act as the grounding electrode serves as a cover plate, shown in Figure 2 Si x N y layer is deposited on the cover plate for isolation. Next, access holes 1 mm in diameter are drilled in the cover plate to allow the later addition of water droplets and oil medium. A hydrophobic coating of 2% Cytop solution is spin-coated on both the device substrate and cover plate. The cover plate is flipped, aligned to the substrate as in Figure 2 (c), and clamping force is applied to the assembly on a hot plate at 200 ºC, allowing the Cytop to reflow and bond the cover plate to the substrate. Finally, tubing is epoxied over the drilled access holes for liquid filling.
Pressure Measurement
The pressure generated is determined by equilibrating actuated droplets against a known external source. We use a tank of compressed nitrogen with a finely controlled regulator to adjust this backpressure supplied to the outlet of the device microchannel. The channel is first filled with silicone oil to act as an effective medium for pressure transmission between the droplets. Before applying any pressure from the nitrogen tank, deionized water droplets are dispensed from a reservoir by EWOD and moved into position in the microchannel individually, arranged in series and with at least one grounded electrode space between them to avoid unintentional actuation in the reverse direction.
With the inlet behind the train of droplets left open to atmosphere throughout the experiments, the pressure from the tank is steadily increased through the regulator. When the supplied backpressure is sufficient to overcome the droplet's friction force (i.e., static resistance) at the channel walls, they slowly begin to move backward. The droplets are then driven against the tank pressure by EWOD with 80 V AC at 1 kHz. In our device, the sidewalls of the channel are passive, and do not contribute to the droplet's pressure development. On the contrary, due to friction, the presence of the sidewalls retards the motion as compared to an open EWOD configuration, requiring higher voltage to overcome. Recent work has shown that electrodes may be incorporated into the channel sidewalls [20] , aiding in the forward driving force, and thus reducing the applied voltage necessary to move droplets. However, such a configuration requires a significantly more complex fabrication process including the production of a shadow mask with microscale resolution by front-and backside throughwafer etching.
We confirmed experimentally that water, with a contact angle on Cytop of approximately 110°, completely fills the channel corners when in an air medium (Figure 3(a) ). A droplet was placed in a passive microchannel and pressure was applied to one end by way of the nitrogen tank. A digital pressure gauge was connected to the outlet of the channel and the pressure on this side of the droplet was monitored over time. With 3 kPa of applied pressure to the inlet, no pressure change aft of the droplet was detected for several hours, implying that the droplet completely filled the corners of the channel, letting none of the applied pressure leak past it.
However, during our cumulative pressure generation experiments, we found that actuating series of droplets primarily compressed the volume of air trapped between them in the channel, rather than contributing additional total pumping pressure. For this reason, we performed our experiments in a medium of silicone oil, whose incompressibility allowed for effective transmission of pressure from one droplet to the next. In trade-off, however, the water makes a much higher contact angle with the channel walls, ~160°, which fails to fill the corners (Figure 3 when no actuation voltage is applied. To overcome the potential problem of pressure leak through the corners, we have modified the electrode actuation scheme as compared to typical EWOD devices: at least three electrodes are allotted per droplet as shown in Figure 4 . The electrode under each droplet's leading meniscus is actuated as well as the one beneath its midsection. The former induces the droplet to wet and advance along the leading electrode. The latter does not provide any driving pressure, but reduces the effective contact angle at the channel surfaces to help spread the droplet to the full channel width, aiding in preventing leakage of the surrounding medium past the droplet (Figure 3(b) ). The electrode under the droplet's trailing meniscus is grounded so as to remain in a hydrophobic state, establishing the droplet driving pressure.
Figure 3: Cross-section schematic (showing a "front view" of the droplet, orthogonal to the cross-section plane of Figure 2) of water droplet (a) in air medium over unactuated (left) and actuated (right) electrodes, (b) in oil medium over unactuated (left) and actuated (right) electrodes. In air medium (a), water (contact angle ~110º) fills the corners naturally with or without EWOD actuation, which was confirmed by experiments. In oil medium (b), on the other hand, water (contact angle ~160º) does not fill the corners unless EWOD is on.
Actuation of multiple droplets together is observed to counteract higher tank pressures, which is adjusted until the droplets stall (Figure 4 ). Ruled lines patterned on the surface of the device help to identify the moment at which the droplets are no longer able to move forward against the compressed nitrogen, providing a visual stationary reference point. At the stalling pressure, removing voltage from any one of the droplets allows the entire group to move backward down the channel under the backpressure. Reinstating voltage prevents the loss of further ground. The balanced pressure is read from a digital gauge connected to a parallel on-chip channel, crosschecked with the reading of the inlet regulator, and recorded. This pressure is reported as that generated by the procession of droplets. A side view schematic of the experimental setup is shown in Figure 5 .
RESULTS AND DISCUSSION
Measured pressure results are plotted versus the number of droplets actuated in series in Figure 6 , along with a linear curve fit. Each point represents an average of four experimental measurements for each series of droplets. The data show that with each additional droplet, the total pressure withstood increases nearly proportionally.
In these experiments, each droplet contributes approximately 1.4 kPa of pressure to the total. The frictional hindrance to droplet motion due to the channel sidewalls appears to be constant for each droplet; the pressure increase by each additional actuated droplet does not appear to diminish at higher numbers of droplets. With up to six droplets, the output pressure of 7.6 kPa achieved is higher than the 2.0-2.5 kPa seen by the aforementioned single piston EWOD-based pumping system under similar voltage [19] , on account of our multiple droplets working together. Extrapolation of the plot implies that even higher pressures for more demanding applications can be achieved simply through the actuation of a greater number of droplets.
Expected performance was calculated from the LippmannYoung and Young-Laplace equations that are often used to describe EWOD actuation [1, 2] . For the electrode configuration used in our experiments, the resulting equation for internal droplet pressure gradient ΔP is given as:
where ε is the dielectric constant of the dielectric layer, ε ο is the permittivity of free space, V is applied voltage, t is the thickness of the dielectric layer and d is the microchannel height. Frictional resistance forces resulting from contact with the substrate, cover plate and channel sidewalls were taken into account, approximated for each surface using contact angle hysteresis force [21] , Fhyst, which can be written as:
where w is the width of the contact area between the liquid and solid surface, σ is the interfacial tension between the liquid and the surrounding medium, and θr and θa are receding and advancing (1) (2) contact angles, respectively.
With 50 µm channel height, 1.4 mm channel width, 80 V AC actuation voltage, 1.2 µm thick dielectric layer, material properties for silicon nitride and the approximate receding and advancing contact angles of 158° and 162°, respectively, for Equations 1 and 2, each droplet is calculated to withstand a pressure of 3.9 kPa. The measured value of approximately 1.4 kPa per droplet represents 36% of this expected value. We anticipate that improvements in the quality of fabrication, especially in the smoothness of the surfaces will bring experimental results closer in line with their theoretical values. Spin-coating of the Cytop hydrophobic layer on features as tall as the channel sidewalls may result in non-uniform coverage. Furthermore, Cytop reflow during the bonding of the cover plate may have caused pooling in the corners of the channel.
CONCLUSIONS
We have shown that high pressure pumping can be achieved using EWOD actuation of droplets. While each droplet exerts a pressure as a function of the EWOD voltage applied, the total output pressure of such a micropumping device is a function of the number of droplets simultaneously actuated. We observed that pressure sums from one droplet to the next in series, measuring a total pressure for up to six droplets that was approximately six times that measured for a single droplet. As such, voltage need not be increased to develop high pumping pressures, but may be fixed to that which is allowed or available by the device in hand or required by the application. Devices may be designed with a large number of droplets to meet pressure needs, with the ability to increase or decrease pressure as necessary by simply controlling the signal to the electrodes, turning the contributions of certain individual droplets on or off. Seemingly limited only by fabrication capabilities, current values suggest even a full atmosphere of pumping pressure could be realized with 70 droplets pumping together.
